
 

 1

 

Final Report 
 

on 
 

Study of Cryogenic Plasma  

in Superfluid Liquid Helium 

AOARD-04-4018 
 

 

For the period of 
June 7, 2004 to August 6, 2005 

 

 

Submitted to 
 

Dr. Misoon Y. Mah 

Program Manager, AOARD 
Unit 45002, APO AP 96337-5002 

7-23-17 Roppongi, Minato-ku 
Tokyo 106-0032 Japan 

 
 

Submitted on August 23, 2005 
 

By 
 

Osamu Ishihara, Principal Investigator 
Professor, Department of Physics 

Faculty of Engineering 
Yokohama National University, Yokohama 240-8501 Japan 

Tel/Fax 045-339-4183 
oishihar@ynu.ac.jp

mailto:oishihar@ynu.ac.jp


Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
26 JUL 2006 

2. REPORT TYPE 
Final Report (Technical) 

3. DATES COVERED 
  07-06-2004 to 24-03-2006  

4. TITLE AND SUBTITLE 
Study of Cryogenic Plasma in Superfluid Liquid Helium 

5a. CONTRACT NUMBER 
FA520904P0393 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 
Osamu Ishihara 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Department of Physics, Faculty of Engineering,79-5 Tokiwadai
Hodogaya,Yokohama 240-8501,NA,JAPAN 

8. PERFORMING ORGANIZATION
REPORT NUMBER 
AOARD-044018 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
The US Resarch Labolatory, AOARD/AFOSR, Unit 45002, APO, AP, 
96337-5002 

10. SPONSOR/MONITOR’S ACRONYM(S) 
AOARD/AFOSR 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 
AOARD-044018 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
The work describes work on Study of Cryogenic Plasma in Superfluid Liquid Helium (Principal
investigator: O. Ishihara, AOARD-04-4018) for the period from June 7, 2004 to August 6, 2005. A
preliminary experiment to produce a DC discharge plasma in a vapor of liquid helium started. In addition,
a complex plasma with charged fine particles in the cryogenic environment has been also produced
successfully. The analytical study on the experimental results completed at Niigata University for the
pulsed discharge in a microwave cavity in liquid helium revealed the nature of decaying plasma in liquid
helium. 

15. SUBJECT TERMS 
Plasma Physics, Plasma Dynamics, Plasma Sources, Quantum Physics, Pulsed Power 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

18. NUMBER
OF PAGES 

31 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



 

 2

SUMMARY 
 
 This Final Report describes the research work on the contract of investigation entitled by 
Study of Cryogenic Plasma in Superfluid Liquid Helium (Principal investigator: O. Ishihara, 
AOARD-04-4018) for the period from June 7, 2004 to August 6, 2005. The research has been 
carried out at Yokohama National University in collaboration with Prof. K. Minami of Tokyo 
Denki University, a research associate Dr. Masako Shindo, a doctoral student Mr. Chikara Kijima, 
and two master students. A preliminary experiment to produce a DC discharge plasma in a vapor 
of liquid helium started and a complex plasma with charged fine particles in the cryogenic 
environment has been produced successfully. The analytical study on the experimental results 
completed at Niigata University for the pulsed discharge in a microwave cavity in liquid helium 
revealed the nature of decaying plasma in liquid helium.    
 
 
I. Objectives 
 
 Our overall goal is to study the cryogenic plasma experimentally and theoretically and 
to reveal novel natures of cryogenic plasma produced by a pulsed or a DC discharge above or in 
superfluid liquid helium . 
 
II. Status of the Research 
(1) Preparation of the Dewar Bottles 
 The Physics Department in the faculty of engineering at Yokohama National 
University was established in 1998 and the principal investigator Osamu Ishihara 
joined the faculty of Yokohama National University in June of 1999. The plasma lab 
was established in the August of 2000 immediately after the completion of the new 
departmental building. Initially, major efforts in the research were devoted to the 
theoretical and computational plasma physics. The collaboration with Prof. K. 
Minami of Niigata University started in 2000 and the AOARD funding started in 
2002 (AOARD-00-4014, Study of cryogenic plasma produced by a pulsed discharge in 
Superfluid liquid helium). The plasma lab expanded in space and the complex 
plasma experimental lab in the Department of Physics at Yokohama National 
University was established in March 2004. 

The principal investigator, Professor Osamu Ishihara, has been conducting the research in 
collaboration with Dr. Masako Shindo, Research Associate joined in the group in April of 2002, 
and a doctoral student Mr. Chikara Kojima who joined in the group in April of 2004 and two 
master students, Mr. M. Kugue and Mr. T. Maesawa. Professor Kazuo Minami, retired from 
Niigata University and now with Tokyo Denki University, is consulting us on the research. 
 Following the retirement of Professor Minami from Niigata University in March, 2004, 



 

a cryostat system including a Dewar vessel was transferred to Yokohama National University. A 
preliminary DC discharge in the vapor of liquid helium in the Dewar bottle was performed and 
preliminary probe measurements have been carried out.  The setup is schematically shown in 
Fig. 1, where two thin-walled bottles nested one inside the other and the outer bottle is sealed at 
the ends. The one end of the inner bottle needs to be pumped to maintain the vacuum for 
insulation. The DC discharge in a vapor of liquid helium was accomplished by applying about 
400V between a meshed stainless anode and a stainless disk cathode separated by 6 mm. The 
plasma was characterized by the electron temperature about 0.3 eV and the plasma density about 

cm74 10× -3. We note that the temperature of He vapor in the Dewar increased up to 86K during 
the discharge.  
 

 

 

 

Fig.1  Schematic diagram of the experimental apparatus. A Dewar bottle has 
two thin-walled bottles nested one inside the other and the outer bottle is 
sealed at the ends. The electrodes are set above the liquid helium (LHe). 
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  A larger Dewar vessel to accommodate a DC discharge chamber was designed, ordered 
and delivered. It is aimed to produce a plasma in a vapor of liquid helium in a confined chamber 
which is immersed in the liquid helium rather than in a vapor of liquid helium. Since the 
delivered vessel had a defect, the vessel had to be repaired at the JEC-Tori Corporation of 
Saitama Prefecture. While the Dewar vessel used in Niigata is rather small, 10 cm in inner 
diameter, the new Dewar vessel is 16cm in inner diameter to accommodate a DC discharge 
chamber of 10 cm in diameter. The Dewar vessel, as shown in Fig. 2, has two thin-walled bottles 
nested one inside the other and both bottles are sealed at the ends. A DC discharge chamber, to be 
immersed in the liquid helium, was designed ordered and delivered, while the original chamber 
delivered needed to get fixed due to a defect at an injection valve found later. The JEC Tori 
Corporation repaired the discharge chamber and delivered the chamber to us. 
 

(c) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2  A larger Dewar vessel, designed and constructed at Yokohama   

National University with a DC discharge chamber. 
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 (2) Discharge in a chamber placed in the Dewar vessel 
A preliminary discharge between a brass rod cathode and a brass rod anode in the DC 

discharge chamber, placed in the Dewar vessel, produced a plasma in a helium gas of 0.5 Torr 
maintained to be 77K by the heat exchange through the chamber wall. The electrodes, both 
10mm in diameter and 40mm in length, were placed 10 mm apart in the chamber and were 
applied with the DC voltage of about 600 V. When the chamber was immersed in liquid nitrogen 
in the Dewar vessel, liquid nitrogen instead of liquid helium at a preliminary stage, the produced 
plasma was rather unstable to maintain the constant density. A Langmuir probe with 0.5 mm in 
diameter and 10 mm in length measured the electron temperature of order 1 eV and revealed the 
slight decrease in electron temperature in the presence of liquid nitrogen around the DC chamber 
compared with the electron temperature without liquid nitrogen. While we introduced liquid 
helium into the DC chamber, a leakage was found at a valve attached at the top of the DC 
chamber to introduce liquid helium. Our efforts to produce a stable plasma in a vapor of liquid 
helium continue and the plasma parameters have been measured yet with insufficient accuracy.  

 

  
 

   Fig. 3  DC discharge chamber to accommodate liquid helium (LHe) and to be immersed  
in liquid helium in the Dewar. 
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(3) Production of a steady state plasma in a vapor of the liquid helium 
 A cryogenic plasma in a steady state has been established by an electrical discharge 
(AC10kHz, ～1kV) in a vapor (2 Torr) above the liquid helium surface. The electrical 
discharge in the vapor necessarily brings a heat in the environment resulting in the boiling of 
the liquid helium. To overcome the rise of the surrounding plasma temperature as well as the 
instability of the surface of the liquid helium, a special purpose discharge unit has been 
developed. The unit is characterized by a region of plasma production isolated from the 
surroundings by a small glass Dewar.  Two identical plane discharge electrodes have coaxial 
holes at the center through which the helium gas was fed from the upper hole. A plasma is 
produced by a discharge between the electrodes and the gas flow takes the plasma outside of 
the discharge region through the bottom hole. The rise of the plasma temperature once outside 
of the small glass Dewar is successfully suppressed and the plasma temperature decreases 
toward the surface of the liquid helium. The cold plasma in a steady state is thus successfully 
produced. The first report on this subject will be presented by a doctoral student Mr. Chikara 
Kojima at the domestic meeting in September (see Appendix 3). 
 
(4) Complex plasma in the ultra-cold environment  

A complex plasma is characterized by a group of negatively charged macro particles 
embedded in a plasma. The group of fine particles shows collective behaviors, while plasma 
particles show collective behavior independently with a time scale much faster and a space 
scale much shorter than those for the group of fine particles. The complex system including 
fine particles in a plasma is characterized by the unique interaction of the two collective 
modes. The fine particles (often called dust particles) are strongly coupled through Coulomb 
interaction with a large coupling constant Γ  defined by the ratio of the Coulomb energy and 
the thermal energy of particles: 

 
( )2

0

Coulomb Energy 
Thermal Energy 4

d

d

Z e
r Tπε κ

Γ = = , 

 
where dZ e  is the charge on the surface of a fine particle,  is the average inter-particle 
distance,   is the Boltzmann constant, and  is the temperature of fine particles. We 
used here the subscript d for dust particles (fine particles). Ordinary plasmas with electrons 
and ions are characterized by rather a small coupling constant, 

r
κ dT

1Γ << , since the kinetic 
energy of plasma particles are dominant over the Coulomb energy allowing the random 
motion of plasma particles. The coupling constant for fine particles could be much larger than 
1, either through 1dZ >>  or  .  0dTκ →

In an extremely low temperature environment, the thermal energy of the particles 
are suppressed resulting in a large coupling constant. We have injected fine acrylic particles 
of 5μm in diameter in a vapor above liquid helium at about 1K. The pressure measured at the 
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upper part of the Dewar was about 2 Torr. The discharge electrodes were set 200mm above 
the surface of liquid helium, and the distance between electrodes was 5mm. The 10kHz AC 
voltage of 1kV was applied to the driving electrodes. The surrounding of electrodes were 
covered by the insulator to suppress the rapid rise of the temperature of both liquid helium and 
the vapor gas. The produced plasma was diffused toward Liquid helium surface through a 
5mm hole in lower electrode. It was confirmed that an electron temperature in the diffusion 
region decreased due to the presence of liquid helium by double probe measurements. The 
acrylic particles were dropped from the upper part into plasma through the 5mm holes at the 
center of the electrodes. They are expected to be charged negatively and blew out into the 
diffusion region. The diffusion region was covered with an acrylic tube of 50mm in diameter 
to confine the particle in the radial direction, and a negatively-biased plate electrode of 50mm 
in diameter was set 100mm under the discharge electrodes. The He-Ne laser light was 
irradiated from outside though a 10mm-width slit on the glass Dewar, which was silver plated 
except for the slit area, and the acrylic particles float 10mm above the plate electrodes in a 
plasma. The preliminary results will be presented in the coming Fall meeting of the Physical 
Society of Japan by a research associate Dr. Masako Shindo (See Appendix 3).  
 
(5) Study of the equation of state 

We have shown that the long-range interaction energy between fine particles placed 
in the plasma exhibits a unique feature with a repulsive nature for short distances and with an 
attractive nature for larger distances as shown in Fig. 4 (O. Ishihara and N. Sato, Attractive 
Force on Like Charges in a Complex Plasma, Physics of Plasmas, 12, 070705 (2005), see 
Appendix 4). Such a finding suggests the possibility of the phase transition in the complex 
plasma. Although the topic of the equation of the state was not originally included in the 
proposal, the study of dusty plasmas prompted us to direct our attention to the equation of 
state applied to a complex plasma in a cryogenic environment. The long range interaction 
energy was formulated by the consideration of free energy available in the complex plasma 
where the charge neutrality is satisfied by the presence of electrons, ions, and the charged fine 
particles. With the explicit formulation of the interaction energy, the second Virial coefficient 
will be calculated. And the equation of state will give us a clue to the study of the critical 
phenomenon in the complex plasma. The possible presence of a critical point in the complex 
plasma in the cryogenic environment is still an open question both theoretically and 
experimentally.     
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(6) Analysis of the ultracold plasma produced by a pulse discharge 
 After all the experiments at Niigata University completed, the data taken for the 
pulsed discharge were analyzed through the initiative of Professor Minami. Our focus was on 
the understanding of the decaying plasma produced by a high-voltage (~20kV) pulse of 
duration on the order of micro seconds in an X-band mode cylindrical cavity filled with 
Liquid helium. Although the transmission signals through the cavity show clearly the presence 
of decaying plasma in liquid helium with decay time on the order of a few hundred ms for 
temperature of a few K at saturating vapor pressure, our estimated mass of charged carriers 
seems to be much less than expected from the earlier theoretical predictions. The paper is now 
in print (see Appendix 1) and the results were presented at the international conference (see 
Appendix 2).   
 
 

III. Publications/ Presentations 
 

1. Publication (Appendix 1) 
K. Minami, C. Kojima, and O. Ishihara, Microwave measurement of Decaying Plasma in 

Liquid Helium, IEEE Transaction on Plasma Science, August issue (2005).  
 

2. International Conference Proceeding (Appendix 2) 
C. Kojima, O. Ishihara, and K. Minami, Study of Decaying Plasma in Liquid Helium, 19th 

International Conference on Numerical Simulation of Plasmas and 7th Asian Pacific 
Plasma Theory Conference (July 12-15, 2005, Nara, Japan) P1-65, pp.151-152. 

 
3. Domestic Conference Abstracts (Appendix 3) 

M. Shindo, C. Kojima, O. Ishihara, Observation of dust particles in a plasma under cryogenic 
environment, Fall Meeting, Physical Society of Japan (2005.9.19-22, Kyoto) 21ｐWG-
１. 

 
C. Kojima, M. Kugue, T. Maezawa, M. Shindo and O. Ishihara, A plasma production in a 

region of low temperature, Fall Meeting, Physical Society of Japan (2005.9.19-22, Kyoto) 
22 aWG-2. 

 
 
 
 
 
 
 



 

IV. AOARD site visits 
August 6, 2004 

AOARD program manager Dr. Misoon Y. Mah 

September 24, 2004  

AOARD program manager Dr. Misoon Y. Mah,  

AOARD Science Advisor Dr. Takeo Miyazaki,  

Air Force Research Laboratory (Kirtland AFB) Senior Research Physicist Dr. S. Joe Yakura  

AF Research Laboratory (Kirtland AFB) Chief of Applications Branch Maj. Jeffrey C. Wiemeri 
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Maj. Wiemeri, Dr. Yakura, Dr. Mah, Dr. Miyazaki, Prof. Ishihara



 

V. Lab photos 
 

 
 

 
Osamu Ishihara, Masako Shindo and three graduate students

 

 
 

Professor Ishihara’s lab was introduced in an annual campus guide YNU 2005. 
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 TRANSLATION 

21pWG-1 

Observation of dust particles in a plasma under cryogenic environment 

M. Shindo, C. Kojima, O. Ishihara 
Yokohama National University   

     

  A complex plasma in a cryogenic environment is studied experimentally.  A plasma is 
produced in a vapor of liquid helium by applying the low frequency AC voltage between plane 
electrodes. Fine acrylic particles are injected into a plasma. Fine particles are negatively charged 
because of the higher mobility of electrons than ions hitting on the surface of the particles. 
Electrons, ions and fine particles form a complex plasma where the overall charge neutrality is 
satisfied. The complex plasma is quite different from the ordinary plasma in a sense that the 
coupling constant of fine particles, defined by 
the ratio between the Coulomb interaction 
energy and the thermal energy of fine particles, 
is much larger than unity and fine particles are 
strongly coupled through the Coulomb 
interaction.  
Figure 1 shows the experimental apparatus in 
which Liquid helium is in a double glass 
Dewar of 10 cm in diameter and 1m in length, 
and the liquid temperature is cooled down to 
1K by evaporative cooling. The pressure at the 
upper part of the Dewar was about 300 Pa. 
The discharge electrodes of 5mm apart are 
placed about 20cm above the surface of liquid 
helium, while a mesh electrode and a plate 
electrode of 5 cm in diameter are placed 
below the discharge electrodes.  The 10kHz AC voltage of  1kV was applied to the electrodes. 
The discharge electrodes are protected by a cylindrical insulator to suppress the rapid rise of the 
temperature of both Liquid helium and the vapor gas, while all the electrodes are in an acrylic tube 
of 5cm in diameter to confine the particles. The plasma diffuses toward the surface of Liquid 
helium through a 5mm hole in the lower electrode. Electron temperature decreases gradually 
toward the surface of Liquid helium. The acrylic particles of 5μm in diameter were dropped 
through the 5mm holes at the center of the upper electrode into the plasma. The He-Ne laser light  
irradiated though a 1cm-width slit on the silver plated glass Dewar confirmed the particles 
levitating 1cm above the plate electrode.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Schematic diagram of dust plasma apparatus

in cryogenic condition. 
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TRANSLATION 

22aWG-2  
     
 

Plasma production in a cryogenic condition 
 

C. Kojima, M. Kugue, T. Maezawa, M. Shindo and O. Ishihara 
Yokohama National University 

 
 A steady production of a plasma in a cryogenic environment is studied experimentally.  After 
a successful production of a plasma in a gas at the liquid helium temperature (below 4.2K) by a 
pulse discharge (20kV with a pulse width 7 sμ )[1], our efforts are concentrated on producing a 
cold plasma for an extended period of time. Our attempt to produce a cryogenic plasma in a 
steady state is achieved by an electrical discharge (AC10kHz, ～1kV) in a vapor (300 Pa) above 
the liquid helium surface. 
 

The electrical discharge in the vapor 
necessarily brings a heat in the environment 
resulting in the boiling of the liquid helium. 
To overcome the rise of the surrounding 
plasma temperature as well as the instability 
of the surface of the liquid helium, a special 
purpose discharge unit was developed as 
shown in Fig. 1 in which a region of plasma 
production is isolated from the 
surroundings by a small glass Dewar[2].  

 
Two identical plane discharge electrodes 

of 22 mm in diameter and 5mm in thickness 
have coaxial holes at the center through 
which the helium gas was fed from the 
upper hole. A plasma is produced by a 
discharge between the electrodes and the 
gas flow takes the plasma outside of the 
discharge region through the bottom hole.   

 
Fig.1 Schematic diagram of the discharge
unit in the vapor of liquid helium. 

The rise of the plasma temperature once outside of the glass Dewar is successfully suppressed 
and the plasma temperature decreases toward the surface of the liquid helium. The cold plasma in 
a steady state is thus produced.      
                                              
This work is supported by Asian Office of Aerospace Research and Development. 

 
[1]  K. Minami, Y. Yamanishi, C. Kojima, M. Shindo and O. Ishihara, IEEE Trans. Plasma Sci., 

vol. 31, no. 3, pp. 429-437, June 2003. 
[2] H.Bauer, M.Beau, A.Bernhardt, B.Friedl, H.J.Reyher, Phys. Lett. A, vol.137, pp.217-224, 

1989. 
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PHYSICS OF PLASMAS 12, 070705 �2005�
Attractive force on like charges in a complex plasma
Osamu Ishiharaa�

Faculty of Engineering, Yokohama National University, 240-8501 Yokohama, Japan

Noriyoshi Sato
Emeritus, Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan

�Received 11 May 2005; accepted 2 June 2005; published online 7 July 2005�

Electrostatic attractive force between dust particles in a complex plasma with ion flow is studied. It
is shown that there is an attractive force between a pair of dust particles along the ion flow as well
as perpendicular to the ion flow. The attractive force perpendicular to the flow results from a release
of thermodynamic free energy in charged fine particles, while an attractive force associated with the
wake potential acts on a pair of dust particles aligned with the ion flow. Recent experimental
observation of the sharp boundary of a void in a complex plasma is interpreted as a result of the
attractive force. © 2005 American Institute of Physics. �DOI: 10.1063/1.1978467�
A void structure, characterized by a dust-free ordered
state with a sharp boundary in a dusty plasma, was observed
in experiments in microgravity conditions1 as well as in
ground-based laboratory plasmas.2 A theory was presented to
explain the void formation based on the balance of the elec-
trostatic force and the ion drag force acted on a dust
particle.3 Since accumulated observations of the void in a
complex plasma challenged the theory, alternative theories
including thermophoretic force,2,4 phenomenological theory,5

and nonlinear theory6,7 have been presented. Meanwhile, the
ion drag force reevaluated recently by taking the screened
Coulomb potential into account is revealed to be much stron-
ger than that estimated earlier.8 Most recent experimental
observation confirmed the role of the ion drag force for the
formation of the void.9 Voids have been observed not only in
a complex plasma, but also in colloidal suspensions where an
attractive pair interaction was considered.10,11 Like-charge
attraction is a recent subject in a plasma as well as in a
colloid.12,13 In this Letter, we consider a complex plasma,
where macroparticles are embedded in a fully ionized plasma
and the system is thermodynamically closed, and we show
that a like-charge attraction could align dust particles along
the equipotential line on a void boundary perpendicular to
the ion flow in the complex plasma, while the ion flow will
produce the wake potential behind dust particles along the
direction of the flow.

We consider a complex plasma in which N dust particles
are embedded in a fully ionized collisionless plasma. We
neglect the gravitational effect, as is the case in microgravity
experiments. The radius of a spherical dust particle, a, is
assumed to be much smaller than the Debye shielding length
�D. The charge density of the complex plasma is given by

��x� = Zde�
j=1

N

��x − x j� + eni�x� − ene�x� , �1�

where Zde is the charge of a dust particle located at x=x j,
ni�x� is ion density, and ne�x� is electron density. A charge
neutrality condition is given by

a�
Electronic mail: oishihar@ynu.ac.jp
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ne − ni = NZd/V , �2�

where V is the volume occupied by a complex plasma, ni

=�d3xni�x� /V and ne=�d3xne�x� /V. The electrostatic poten-
tial produced by N dust particles at a position x at time t is
given by

��x,t� = �
k

eik·x�
Br

d�

2�
e−i�t��k,�� , �3�

where Br indicates the Bromwich integration path and

��k,�� =
i4�Zde

Vk2���k,���j=1

N

e−ik·xj, Im � � 0. �4�

The plasma in consideration is assumed to be characterized
by a dielectric constant

��k,�� = 1 +
kDe

2

k2 −
�pi

2

�� − k · v f�2 , �5�

where v f is the velocity of the flowing ions, kDe
2

=4�n̄ee
2 /	Te, �pi

2 =4�n̄ie
2 /mi with the electron temperature

Te, the ion mass mi, and the Boltzmann constant 	. The di-
electric constant �5� characterizes the plasma where the ion
flow is dominant and the collisions are negligible. We note
that the collective modes expressed by Eq. �5� damp for the
wave numbers k�kDe. The poles of Eq. �3� with ��k ,�� by
Eq. �4� are located at �=0 and �=��k�, where ��k ,��k��
=0 and ��k�=k ·v f ±�k. Here we introduced �k

=�pik /�k2+kDe
2 . We obtain the electrostatic potential as

��x� = �0�x� + �1�x� + �w�x� , �6�

14
where
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�0�x� =
4�Zde

V
�
j=1

N

�
k

eik·�x−xj�

k2 + kDe
2 ,

�7�

�w�x� =
4�Zde

V
�
j=1

N

�
k

eik·�x−xj�

k2 + kDe
2

�k
2

�k · v f�2 − �k
2 ,

and �1�x� is the potential contribution from the pole �
=��k� which characterizes the strong interaction of a dust
particle with the collective plasma mode. The potential
�w�x� is known to be responsible for producing an oscillat-
ing wake potential behind each dust particle along the ion
flow.14–18 For a single dust particle �N=1�, the contributions
from the potential �0�x� and �1�x� were shown to be can-
celed by the part of the potential �w�x� resulting in the wake
potential existing only behind the isolated dust particle in the
supersonic ion flow.14 The wake potential is the source of the
attractive force between dust particles along the ion flow.
Because of such an attractive force, dust particles align them-
selves along the direction of the ion flow. We now show that
for a multiparticle system �N
2�, the potential �0�x� is re-
sponsible to produce an attractive force between dust par-
ticles perpendicular to the ion flow.

The electrostatic energy in the presence of a supersonic
ion flow is given by

E =� 	 � ��x�	2

8�
d3x



2�Zd

2e2

V
�
i,j

�
k

k2

�k2 + kDe
2 �2e−ik·�xi−xj�. �8�

The energy depends explicitly on Zd and the coupling param-
eter ���e2�, and implicitly on n̄e and n̄i through Zd and kDe.
We note that the electrostatic energy is induced by a pair
displacement xi−x j, a novel feature of a multiparticle sys-
tem. Such a displacement necessarily introduces the volume
change in the system through the relationship G=F+ PV,
where G is the Gibbs free energy and F is the Helmholtz free
energy. The thermodynamic excess energy �Gibbs energy�
thus may be evaluated as

G = �
s=e,i

�n̄s
�

�n̄s

+ n̄s
�Zd

�n̄s

�

�Zd

�

0

� E����
��

d��

=
2�Zd

2e2

V
�
i,j

�
k
� 1

k2 + kDe
2 +

k2

�k2 + kDe
2 �2�e−ik·�xi−xj�.

�9�

Here we use n̄e��k2+kDe
2 �−1 /�n̄e=−kDe

2 �k2+kDe
2 �−2 and

ne�Zd /�n̄e+ n̄i�Zd /�n̄i=Zd. The k summation may be evalu-
ated through the integration

�
k

——→
V→�

V

�2��3�
0

�

k2dk�
0

�

sin 
 d
�
0

2�

d� ,

where k is chosen to be along the z axis, 
 and � are polar
angles of xi−x j with respect to the z axis. The excess energy

becomes
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G = �
i,j

Uij, Uij =
2Zd

2e2

Rij
�1 −

1

4
kDeRij
e−kDeRij , �10�

where Rij = 	xi−x j	 is the interparticle distance, and the force
acting on a dust pair is given by

Fij = −
�Uij

�Rij
=

2Zd
2e2

Rij
2 �1 + kDeRij −

1

4
kDe

2 Rij
2
e−kDeRij . �11�

Figure 1 shows the normalized potential as a function of the
normalized interparticle distance. The potential becomes
minimum at Rij =4.83kDe

−1 �R0.
In a complex plasma experiment with parallel electrode

plates, a potential has its maximum at the center of the
plasma between electrodes. The equipotential lines close
themselves making circles or deformed ellipsoidal lines in
the cross section.19 Thus the electric field E is directing out-
ward from the center driving the electrons inward, while pro-
ducing the flux of ions outward. Negatively charged dust
particles are pushed inward to the center by the electric
force, FE=ZdeE, while the ion drag force, Fion

=mi�v��c���+�s�����f i�v�d3�, pushes dust particles from
the center toward the outer region.9 Here f i�v� is the ion
distribution function, and the collection and the scattering
cross sections are given by �c���=�a2�1+2b0 /a�, �s

=4�b0
2 ln��b0+�D� / �b0+a��, respectively, where b0

=Zde2 /mi�
2.20 Due to the balance of the two forces, dust

particles characterized by the charge Zde find their positions
on an equipotential line. Some deviation of positions may be
expected by the presence of other forces like neutral drag
force, gravitational force, and Coulomb force.21 Each dust
particle on the equipotential line will be accompanied by
aligned dust particles along the ion flow due to the wake
potential, resulting in the void structure in the central part of
the plasma. Dust particles of equal charges are positioned on
the same equipotential line perpendicular to the direction of
the ion flow and are subject to the force given by Eq. �11�.
Figure 2 describes the contour plot of the potential around a
dust particle superimposed on the wake potential along the
ion flow with Mach number M =2. The solid-black three
circles are dust particles on an equipotential line, while the

FIG. 1. Normalized potential as a function of the normalized interparticle
distance.
white circular band around a dust particle in the middle
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shows the presence of a potential minimum with a radius R0.
The neighboring two dust particles on an equipotential line
are settled at the minimum potential created by the dust par-
ticle in the center with the interparticle distance of R0. The
interparticle distance perpendicular to the flow is indepen-
dent of the Mach number, while the supersonic ion flow pro-
duces the pattern of wake potential. With a smaller Mach
number, the distance between potential minimums along the
flow behind a dust particle becomes smaller.14 It is straight-
forward to calculate the interparticle distance by including
the finite radius a of a dust particle in a dust density as
Zde���	x−xi	−a� /4�a2. The interparticle distance is then
given by Rij = �1+a coth kDea��1
+�1+2/ �1+kDea coth kDea��, as was first discussed in the
context of colloids.22

In conclusion, the electrostatic attractive force between
like charges in a complex plasma, where charged macropar-
ticles are embedded in a fully ionized plasma, is shown to be
responsible for the sharp boundary formation associated with
a void which is prompted by the ion drag force. The attrac-
tive force may be interpreted as a release of thermodynamic
free energy among charged fine particles in the presence of
ion flow, while the attractive force associated with the wake
potential may be interpreted as a result of phonon exchange
in the presence of ion flow in a complex plasma.16 The mea-
surement of interparticle distances may be used to estimate
plasma parameters. The interparticle distance perpendicular
to the boundary will provide the ion flow velocity, while the
interparticle distance along the boundary will provide the
Debye screening length. Although the exact plasma param-
eters at the boundary of the void may be difficult to measure,
some typical interparticle distance of small grains with ra-
dius on the order of a few micrometers has been reported to
be on the order of 0.1 mm in the range of a few ion Debye

FIG. 2. Contour plot of the potential around dust particles in the ion flow.
Three dust particles are shown by solid black circles. Wake potentials are
shown in the direction of the ion flow behind the particles and the equipo-
tential lines due to the particle in the middle are also shown. The two
neighboring particles are located on the potential dips created by the middle
particle.
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lengths and less than an electron Debye length in micrograv-
ity conditions with ne
ni�109 cm−3, Te
3 eV, and Ti


0.03 eV.23 It should be noted that the proposed void struc-
ture is operative in a complex plasma which is thermody-
namically closed. In our analysis we have neglected, as is
shown by the dielectric constant �5�, the effect of ion-neutral
collisions and thermal spread in ion velocities which are
commonly present in laboratory experiments. Since a weakly
ionized plasma with neutrals and finite ion temperature is
characterized by an open dissipative system in dust plasma
experiments, some deviation on the interparticle distance for
attractive force to occur may be expected.
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